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PREFACE

The topic of this Agardograph has already been the subject of three symposia of the
Guidance and Control Panel, two meetings in 1968 and the third meeting in 1972. To
update their activities, the Guidance and Control Panel decided to cover the state of the art
in an AGARDograph.

The period between 1972 and today can be characterized by three major developments:
the dry tuned gyro, the laser gyro and the strapdown technology. And for all developments
two important goals had to be considered, to reduce the costs and at the same time to increase
the reliability. The papers of this AGARDograph are reports on recent developments and
thus contribute 1o show the state of the art.

I have to express my sincere thanks to all the authors as well as to the people of AGARD-
Headquarters in Paris.

HELMUT W.SORG
Editor
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Tuned Gyro Cost Reduction Through
a Novel Hinge Design
by
Dr. Ridiger Haberland
and
Hartmut Karnick

ANSCHUTZ & CO GMBH
Postfach 6040 2300 Kiel 14
Germany

Summary

A fundamental study on cost reduction of dynamically tuned gyros funded by the German

Ministry for Research and Technology yielded a novel type of gyro suspension which is,

besides advantages in gyro design and operation, suited to generate remarkable direct

and indirect cost reductions. The paper surveys the relations between the characteris-
tics of a dtg suspensior and the gyro production effort. The novel hinge is descriosed,

the direct cost advantages due to its design principle and technology are discussed.
Indiract cost-saving consequences of using the novel hinge or such one of comparable
goodness and the limits of their utilization are considered with respect to a2 homolo-

gcus series of strapdown gyroscopes.

The vesearch work dealt with in this paper has been sponsared by the German Minister fer
Research and Technology under contract no. 13 N 1015. The contents, however, underly the

sole responsibility of the authors.

Sytmbols
a acTeicration, esp. by shock m roROY mMass
a radial - By gimbal mass
) rotoy momanty of {nartia about N spin speed
8 axes at right angles to spin PF torquing pover
< rotor moment of inertia about
spin axis R rotor xadius
- axlal separationh of suspenzion
1y -
Ag+By.Cy applying to gimbal axes [rom cach other
4 angulary spring rate of suzpension s, radial oxcilialing o1 Ltude
- axial separstion of gisha: i .
K2 2388 centre from suspension temperature
centre ’t detuning senslitivity
g sodulus of elastlcity Sa2n I-% angular sansitiviey
¥ suspension load 8,oan I-K radial sensitivity
- 3 tor¢uar J-factorx v drift due to daetuning
ss suspengion Q-factor wg ~-= 2-% angular osciliatiiun’
{a rotor Q~factor “ar ~-= 3-8 radfal -
QGH rotar-suspenslon Q-factor “p torguing rate
Em Craig's €igure of serit Gy nutation fregquency
H angulatr conentuxz of spinning rotor e ad=ixsible utress in spring
J = Y/2 (Aﬁ ¢ Bg - Cn) 2 rotor offset with .espect ta case
kc rotar inertia factor -3 shaft or case anglo with respeoct
te the inertial framse about an
Kz rotor aass factor axls perpandicular to spin
L axial bearing distance

Subscript “07: Nominal design vaiusag

Subsczipt *h™: values of btas state
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1. Introduction

Fig. 1 Relation network betwden suspension charactevistics and dtg production «ffort

The elastic suspension p.ays a key role in a dynamically tuned gyro, not only for ita
operation and performance but not less for its total productional effort. Keeping this
in mind, a well-aimed suspension development became orie central objective of a funda-
mental study on cost reduction of dtg's for commercial use funded by the German
Ministry for Research and Development in 1974 to 1979, It resulted in a unique novel
hinge design described in the second section.

To better understand the aspects of the development, some discussion might be useful
on the major relations between the characteristics of a dtg suspension and the effort
to produce a gyro using that suspension. They are schematically shown in the diagram
fig. 1. The interrelations of tae geometric design and the applied technology and
their direct effect on the effort needed for machining and ass.mbling the suspension
are evident, The tasks of tuning and gimbal balancing are conventionally ascribed to .
the common gyro test and calibration procedure; in a more detailed sense, however, !
they can be considered to be a matter of the suspension - as particularly will appear ]
in the later discussion., These items including the necessary tests can occupy a con-
siderable share of the suspension production effort; the best means to reduce their
aeffort is to omit or to significantly simplifiy them. This is favoured by good inherent
machining quality of the chosen technology and good performance characteristics of the
suspension type.

The effect of the suspension's perfcxmance capability on the gyro production effort
needed to meet given specifications, may equal or exceed that one o. the direct manu-
facturing and integration effort of the suspension. Fig. 2 shows the primary mecha-
nisms. Keeping all s2nsitivities low - detuning, 2-N angular, anisoelasticity, 2-N
radial - facilitates the gquality requirements noted on the bottom of the diagram and
thereby cheapens a gyro. Low sensitivities result from high values of the character-
istic magnitudes in the second line of the diagram: load capability, rotatory com-
pliance, translatory stiffness, and the typical hinge features mentioned (although
these are no performance characteristics in a severe sense).

An exceptiun has to be made regarding the relation of load capability and anisu-
elasticity sensitivity. wWhile utiiizing high load capability by ucing large rotor
mass decreases all other sensitivities due to the increase of the angular momentum,
this measure generally tends to slightly increase the sensitivity with respect to

a isoelasticity which ls proportional to the square of the rotor mass. Linear growth
of a rotor increases the angular momentum according to the fifth, the square of the ;
rotor mass according to the sixth power. Other important limiting factors for chong- ]
ing the rotor mass are the requlired torquing power - which is proportional te the
square of the angular momentum -~ and resonance frequency considerations.

The manifold relations between the characteristics of a gyro suspan iou and the total
manufacturing cost of the gyro shortlv discussed above formed a guideline for the
development of the novel hinge which will »e described now.

suspension
characteristics

guomatric production tnheroat periormance
Sezign tochnology ' machining characteristics
quality
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1% spin speed
}’ aciuracy
- plekott
3 stadbiiity
;f Fig. 2 Relation network between suspension performance and needed guality of gyro
parts/calibrations/operation parameters. {The dotted lines affiliate indirectly
X performance-effective parameters)

2. The Novel Hinge and its Technology

Principle

The conventicnal cross-flexure-hinge is using separated flexure leaves.

The nove)! hinge design is leaving this principle by connecting the flexure leaves to
= each other at the deflection axis, thus creating new and unexpected properties most
5 of which contribute to gyro quality. Clearer =han explenations the figures ) and 4
show the new hinge - named UKF® - {n principle and as deflected.
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Flg. 3 UKF = unseparated crose flexure Flg. 4 Deflected UKY, the axis remains
hinge stationary despite deflaction

The conplete 2-axis dig suspensicn thus consists of four bhinges.

s

T T

3 : it is obviocus _hat this UKXKFP-hinge has a sooacwhat higher deflection stiffnecs than a
3 conventicnal cross flexure hinge of the sane fleoxure dimensions, but can also aces-

te moce than doudle the huckling forve. Hence its opimization lavs differ signi-
{icantly from thcse of a conveational cross flexure hinge.

ir 2 single-ginbal, dry tuned gyre (dtg) tvo of these hinges form one suspension axis.
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Important differences

Important differences between the UKP and the conventional cross flexure hinge in a
dtg suspension are:

- The UK? leaves - due to their mutually traversing arrangement - occupy less than
half the radial space of the flexures orf a convantional hinge, resulting in an
unequalled small suspension diameter.

- The tolorable (no load) deflection angle of the UKP is approximately half the value
of the conventional hinge.

- The linear compliances equal those of a conventional hinge as the translational
deformation of the flexures is not significantly affected by their central con-
nection.

- The bucxling strength is doubled in comparison to a conventicnal cross flexure
hinge due to the central connection and further increased due to a considerable
decrease of sensitivity to flexure shape tolerances.

- The delinition of the anqular deflection axis is significantly more precise than
in a -~onventional cross flexure hinge. The axis location is unaffected by deflec-
tion.

- Load~dependent (twist) torques of a UKF are extremely low on account of its wall-
defined axis position.

- Load-dependent torques due to elastic deformation of the solid suspension portions
are significantly lower with a UKF due to its compactness and symmetry.

- The compact UKF design renders smaller gimbal inertias than the conventional design,
thus dlowing higher tuning speed at equal angular spring rates and reducing gimbai
balancing requirements.

- The principal geometry and compactness of the UKF design allow the manufacturing of
monolithic suspensions by vire erosion with a minimum of steps and time and a maxi-
mum of accuracy.

- I: -line machining of all flexure surfaces of ome axis in one workplece setting mini-
mizes unwvanted incxease in deflection stiffnercs from misalignment of the two hinges
of one axis and from misalignment of the two flexure leaves of one hinge.

Commons with other cross flexure hinges

Besides the mentioned differences ther= are some features which are not -or only
slightly -~ different with thye UKF and the cowventional cross flexure hinge:

~ Linear campliances can be calculated by the sane equatione.

~ Isoelasticity can be achieved by using flexure crossing angies greater than 90
degrees.

An optinmal UKF design nakes use of soma features which are found also in other hinges
of highest gqualiity:

- Flexures are profiled preferably with a slender circular curved contour, giving a
tarked increase fa the vatlo of load to angular gpring rate.

= The coamplete Aty suspension i{e monolithic in crder to avold internal stress, o avoid
icad stress accusulations {n the flexure end sactions, and (¢ obtain the best os-
sible gualirty of geoketry.

Techaclogy

A spacially adapted wire erosion technique proved to be hest suited for manufacturing
the URF hinges and suspansions under the asgects of accuricy, evanoey and flexihility.
wornal EDOM will do also, but owns characteristic problems in naking the electrodes and
aligning the hinges to each other.

The UKF layout suited for single-gimbal I7Gs to be cut on s wire IDM machine is showm
tn FAg. 5. All cuts for one axis are sade in one position without any need of re-posi-
tioning, adjusting, and handiing, the two hinges of one axia beint cut sizsultanedusly.
iftor coxpletion of the axis the workpiece is turned by 90 degrees and 31l cuts of the
other ax{s are nade. The benefits are evident: simultancous cutting randers the bast
possible flexure orfentation and mirimum machining time. The compact design with a
minlzus of surfaces to be machined and the economical utilization of 3ll ercoded sur-
fsces for suspension functions exhibit an optisum sclution with respect to needed
volume and production cost.

These positive aspects are not limited to single-gimbal DTUs, since by ussemdling pre-
fabricatesd parts in a stige bafore cutting the flexures a psaudo-nonolithic structure
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can be achieved and the principal advantages in axis definition can be maintained. Ina
trorough experimenta) researcih the limits of this technique have been investigated
and machining has been developed to a safe reproducible stardard beyond the czpability
of any machine on the market. A pilot production of more than 40 suspensions yielded
completely satisfying results considering
| machining time and quality. The achieved
tolerances, bet.ter than necessary, qualify
these suspensions for use in inartial grade
I gyros.

3. Direct Cost Benefits of the Novel Hinge

Most of the earlier stated differences
betweer. the UKP hinge and conventional
designs have a more or less significant
influence on the production cost of a
gyro.

The direct cost savings through the use
of the UKF hinge, i. e. that ones related
to production and integration of the sus-
pension according to f£ig. 1, can be sum-
marized as follows:

- mininliration of needed material volume -
lesg taan half of a conventional sus-
pension - results in less material and
proca2ssing cost

- minimization of machined surfaces and
Fig. 5 re-setting steps, simultaneous cuttiang

. of the hirges of one complete axis, and
UKP-Suspension for single gimbal DTG abandcning leaf-sesparating operations
render significantly less machining cost

- irherent axls position accuracy of the tachnology and smallness of the gimbal mass
abolish the sffort of gimbzl balancing in nearly all cases

- decreased sensitivity of buckling strength to flexure shape and dimension allows
goreater flexure tolerances, resulting in higher cutting spead and less mgasuring
effore.

Indirect Cost Savings by Using the Novel Hiay< ia a Gyro Design

Some possibilities of indirect cost reducticn by using the cptimized traversing-lesaf

{UXF) suspension say novw be discussed, referring to the three predominant suspension-
dependent sensitivity t;.es of fig. 2. They can for this objective and for a single-

gimbhal gyro be described by these sim lified eguations:

Detuning sensitivity

n d
b ‘o
S et i'w i
(-]
2-% angular sensitivity
5 ! 4
Yazs) .2 Ca
faan T T, "3 7 t
2-x radtal sensitivity
r .
Trum
Seaw * A on * W “'z ¢ nﬁe?:) (3

Herein the suspansion characteristics appear as d /K - the ratlo of rotatery stiff-
ness and cnguisr momentum, which latier is related to the suspensicn's load capshili~-
ty -. a2 the axial separstica s, of both giabal axes, and the giadbal pendulssity By@y o

Dateraialing their effect in urantity requives to Gquantify thelr magnitudes for resl
gyroe of varving size ani related pecformance, L. e. the use of suited dimensioning
-Rd growth 1avs of tuned G Tos. The neeled relstions and nugaitudes vill be suzsarized
‘o the foliowing sectioa.
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Design magnitudes of dynamically tuned gyros
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Fig. 6
Rotor-Suspension-Sets for Strapdown Use

e 2

3 a: 4-Magnet Torquer, b: 2-Magnet Torquer

%i The main performance characteristics of a homologous series can be expressed by almost
& fully size-independent coetficients and quality factors which are determined by ratics
% of dimensions and by material parameters. The coefficients vary by less than 2 % over
¥4

the consldered range of rotor radii of 12 to 23 mm; just the suspension Q-factor, how-
ever, may significantly decrease from its thus calculated value at radii falling under

16 mm due to technological thickness limits of the suspension leaves. Such decrease is
recognized in the later calculations and diagraas.

.‘ &

Wac?
P -

The design coefficlients of the chosen exemplary gyro configuration are listed in table .

by
o
v The rotor-suspeasion Q-favtor fGa might deserve some fnterest in comparison with Craig's
X figure of merit
.
N C
b 'a " F 3 f}

v
e

as another widely used performance parameter. Both coefficients in a particular manner

repcresent the ratio C/d which determines the detuning and 2-¥ angular seasitivity
according to equationg (%) ard {2).

4 13 independent on size and gpin speed, bLut recognizas the admissible shock azce-
1%%::15&. and therefore is a universal and very suitable measure for the perforemance
capability of a mechanical rotcr-torguer-suspension dexign. Yo describe the detuning
and 2-§ angular sensitivities of a3 specific grrn reqQuifes additional data on spin

spead, rotor glze, and dalssible ghotk soceleratioa.

H

it o measure for the detuning and I-% angulay sensitivities ef a specific g¢yro if
afcoapanind by ioforzation on the ¢pin speed. TO compare the afflciency of different
gyTo designs roguires sdditional data on rotor stze and sdmissible shock acceleration.

Table 1
Depian voefiicients of oplimized deg's with d-stagnetl Jmiln lorquer,
nutation freguency m? = 1,77 X, and travereing-iegf vuspennion for
rotor radii between T2 and 21 nx vesp. Yo and 23 wm (V).
Coefficient Pefinition -fr Sypical Valve g
rctor mDass factor E_*E, 7600 it !
® & n :
ro20r inertia factor kc d g; 410C ;ﬁ
, 2] "
suspension C-factor fe i-‘;- 1.0 - 16° % ()
- Xy
rotor Q-tactnr £, . =% 5.25 - 1073 j§-
L 19
- £ £ b=t
rotsr-suspension (-factar Ecﬂ’ .cfa 635 s [R))]
=y
e S J2
8 VFE oy
K Sxe?
torquer Q-factor | et “?RE_ io1se FRs
: - — " - N
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Using the design coefficients of table ° for the following discussion requires to
determine some further exemplary data which are chosen as:

spin speed N s 2rn- 100 8

shock aczeleration (> 3 ms) a = 1000 m/s?

It should be noted that table 1 is valid for a relative nutation frequency of 1.77
this magnitude, however, beiny cf moderate influence.

For y,/ros thus specified characteristic data can be plotted versus the rocor radivs
as shown in fig., 7:

W

- the angular momentum H,

- the specific torquing power P_/w_! which in the -
gyro design has determining igflgence on the choice ;
of the rotor radius,

- the characteristic ratio of angular momentum to sprinc
rate H/d which determines the detuning and z~N aagular
sensitivity,

For reference purposes a plot of Craig's f_ is added although incorpors-sd in the H/d
value. Two examples may be noted as typicaT data sets:

1. A 22 mn radius gyso needs a speclific torquing power
of 3 W/(100°/s)? and yields H/d ~ 2 s and £, =~ 600.

2. a2 15 mm radius gyro needs a specific torquing power
of .44 W/{100°/s)? and yields H/d= 1.5 s and £ = 450.

The data plotted in fig. 7 represent the model gyro series for the following discus-
sions on the effort aspects of the equations (1} to (3).

.xH
P Nms 10
Hig
s
E»’-It-_"2 ,5
fleg Ll
WO sl
3
2
%
s
¢ l
3L
it 'i
! ;
f ;
% N I 7 4 DU ;
S-S AN- SRR l}
.\:«-v“ = . ‘
=¥ ;
g9 i :
3
2
Fig. ¥ ;

Porformance Mats of Rotor-Suspensicn-Sets for
Strapdown Use According te Fig. 6a. --- ndicates
theoretical dats regiecting ltechnoiogical thickness
1imitaticons of acsolithic eprings.

Detunine Brifr

For the foliowing i. is vseful to exprems the detunxing drift appesrisg in eguation (1}
ae a function of the difforences of the input magritudes from their nominal Zesign
values which satisfy the tuning comdition.
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produces the drift rate

(6)
Introducing J = J_ + AJ, N =N_+ ANand d = d_ + Ad with Jo' No' do as the nominal

design values andousing the tuging condition ©
= 2
do Jo No (7)
renders the resulting spring rate as
AN | AJ _ Ad
d, =d (222 + &2 4+ 29 { 8)
t (4] No Jo do

The effect of detuning requires attention in double respect:

The bias
= 5
Wy = dtb i (9
where the subscript b marks the magnitudes effective in the bias state, and its
instability
0 8
Amt = dtb A (ﬁ;) + ﬁ; Adtb (10)

Introducing the differences of actual from nominal values in the bias state, AN = Nb-
N o, AT = Jy = T ARd = db ~ d_, and the time-dependent variations with respeclt to
tBe b?as gtate, 86, i8

Now, regarding the aim of simplification and cost reduction, the question followed so .
far shall he inverted: L

N etc., yi#lds the detuning bias ;
“’tbgf'!_/%_(zfibi+¥+:ﬁ (n f

o (o] o o ;

and the instability ;
A8 AN AJ 8 AN AJ Ad p

Ay, v @ (5 = 35— - =) + (2 5= + =— + ) (12) E

t tb [} No Jo H7do No Jo do i

We will no longer primarily ask for the drift which comes as a result of detuning,
but for the reed and acuity of tuning to meet given drift specifications. Hereto we
first look at the gyro which has not undergone any tuning procedures whatsoever in
order to find out the limits within of which tuning - other than by design - will be
needed at all.

gl e e

Then we examine the gyro with tuning treatment in order to get knowledge on the re-
quired acuity of tuning and to reflect upon a cost-saving procedure.

The Tuning Error of an Untuned Gyro

"Unwuned" stands for lacking any tuning treatment after machining the gyro piece-
parts.

In the machining prndecure the gimbal inertia J can be produced to match the nominal
valu:@ within less than 1 * without any particulayr effort, maintainiig the nominal spin
speed in the gyro operation to even much less is no problem either. The spring rate of
the suspersion, however, determined by the third power of the leaf thickness, due-to
the small absolute thickness dinensions constitutes the highly predominant share of
the original tuning erxexr. Thua equation (11) can be reduced for the untuned initial
st te with fully sufficieat approximation to
0 2 (13)
W, © -—
to 87d° do

wi.orela A, now stands for the difference of the spring rate from its nominal value.
Ie thir il essential traced back to the mean thickness error of the spring leaves of
onu suspension, the maximum spring rate arror 4, d/d_ and the resulting bias drift
vate at a rotor offset of 6 = 1" come out as plgttea in €ig. 8,
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Untuned Gyro, Spring Kate Brror due to

Machining Tolerances and Resulting Gyro Bilas

Thus stands in sufficient approrimation

A d A0

b 6
A, =~ IS + . —
t 30 8730 H)ao d,

ATd

19

~he diagram ghows that the detuning
due to spring tolerances can amount
up tc 33 ¢ with small rotors, de-
creasing to 20 % in the upper region
of rotor sizes. This always refers to
goiffness, an equivalent detuning of
epin speed would amount to about half
these values,

Despite the large relative spring
rate error the resulting bias valuss
of less than .7°/h are so small. due
to the low absolute stiffness of the
hinges, that with regard to bias for
itself any tuning procedurs could
completely be renounced even if the
rotor offset attained a multiple of
the assumed value.

Now looking at the drift instability
described by equaticn (12), the intro-
duction of reasonable exemplary values
shows that the only ensential variati-
ong come with the rotor offset 6 and
the temperature depeudency of the
suspension springs, the latter being
effective as long as it is not reduced
by compensation or choice of material.

(14)

where ¢ d marks the stiffness variation due to temperatuve, Any tuning operations can

be abanaoned completely inasmuch as the instability of the detuning drift, Aw

, does

not exceed the valus specified for this drift component in the gyro's error bﬁdget.

In what regions of performance tihis is the case, may be estimated from the diagram of
fig. 9. It shows the instability of the detuning drift versus the rotor radius as only
due to the rotor offgset ~ for instance in case of caompensation of the temperature
effect on elasiicity - as with additional regard to the temperature effect. The rotor
offset instability is therein considered to amount to half the absolute offset.
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Pig. 9

Untuned Gyro, Instability of Detuaing Drift due to

Machining Tolerances

Bon-Regarding Yomperature Effect

-===== Including Tamperature Effect,

Tenperature Coefficlent of Elastic Koduius

300 ppa/K, AT = 70 X

Result:

The diagram shows that, due to the
suspension's little elastic spring
rate, gyros for applications outside
the inertial domain can in most cases
be used without any particular tuning
procedure in caege the rotor coffset
stability ranges around 0.5 to 1 se~
conds of arc. The temperature effect
or elasticity plays just a minor rcle.
Thus in this range of applications
the denomination *tuned gyro* has to
suffer a vide-hearted interpretation.

The Required Acuity Using Tuning
Treatmant

The result obtained for the non-tuning
case enhcourages to axamine evan higher-
graded gyro classes for their potential
of significant reduction cf affort by
using tuning treatiment of limited,

but sufficlent accurscy. There s,
indeed, again a distinct treshoid.

It marks that range within of which

the suapension can be satisfacorily
tunad already An its manufacturing
process, before being mounted in the
gyto, and inpartimlar as long as it

is clanped in its machining fixture.

An exasple of doing this is: Imsme~
diataly after the electro-erosive
cutting of the suspension its natural
frequancies when oscillating about
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the two gimbal axes are meagsured. As the contributing inertias of the gimbal and the
rotor-sided mounting ring match their nominal values to better than 0.5 % due to the
manufacturing process used, the natural frequencies establish a wsll-suited measure
for the actual angular stiffness of the gimbal axes. Electro-erosive machining the
gimbal based on calculated data obtained from the naturai frequencies, possibly in the
suspension's original satting, allows to tune the suspension to considerably better
than A, d/d =+ 0,01. Thus it is delivered to the gyro assembly line readily tuned.
Measur?ng 8na adjusting the tuning frequency in the assembly and calibration process
cease as well as design precautions like threads and tuning screws with their securing
problews. The simplicity of the suspension takes its full effect.

In scanningy the limits of utility the bias aspect can be neglected. The instability
equation (12) can be reduced to
A Jd A d A d A4
8 b b T A6 T
Dw = o+ =— + —) —=— + — (15)
t B7d0 | I do d, 6 do
provided the spin speed being maintained within 0.1 4 from its nominal value. The
effect of the last term of the right side can be compensated inasmuch as the rotor
offset 6 i3 stable. In most cases 8 is adjusted to zero to the best possible anyway.
Provided this compensation or zeroing being effective, the contribution of “he lac*
term decreases tn

ae A8
v/d - d,
and it comes, furthermore using maximum terms, i. e. plain adding of all the error
sSoaponants,
AT d 4. d
A8 b? | n T )
; bw, aw aja (= + ==+ 2 —) (18)
; v do o) i, d;—
i 2 The first two terms in the brackets are due to remaining off-turning of the ore-tuned

suspensicn, the third term expresses the residual effect of the springs' temparature
coefficient when using temperature compensation.

Putting exemplary values of good realizability, 4,3/ = 0,005, A d/do - 0.01,
ATd/d = 0.015 (corresponding to a temperature coaffiSLent of TK(E) =-300 ppm/X and
a temperature range of + 50 K), renders the values of detuning drift instability due

to both, initial Gff-tvming and temperature efiect, as plotted in fig. 10.

Now the temperature 2ffect which is incompensable duve to the votor offset uncertainty
appears twi.e as large as the effect of the pre-tuning error. Its further reduction
for example by choice of the suspension paterial or by temperature stabilization has
to be considered particularly for still more stringent requirements.

~- 3 ' Nevertheless, under the provi-
. | ) fw, 05 ] ) sion of a rotor offget stability
¢ ‘ NG, | [ of 0.5 seconds of arc being
T “uh N | 1 rather moderate for inertial
-03 T " g grade gyros, the drift instabi-
02 { \fh‘ [N lity due to the pre-tuning error
N T rangaes easentially ander .91°/h
\\j l s O U ‘L for rotor radil of wore than
o1 N = = 14 mm, the total instability
Il o g i including the tomporature effect
; amounts to the triple of these
! i values. Shus it can be stated
005 ] % — AT T as a
.00) |- qﬁz s ?75, . Result:
e 2n
002p—. :,50‘3 :,?25 ot ammng e o e within a range of apglications
. T extending far Into the inertial
i l I l A grade domain ths defined pro-
o s duction of pre-tuned suspensions
i g % % 1 20 o 22 canh be used to raplace any tuning
. troatment of the gyro as 4 whole,
Fig. 10

2-N Angular Sensitivity

Gyro With Pre-Tuned Suspenaion, Instability of
Detuning Dxift. '
__ Non-Regarding Tesiperature Effect

Ihe . redowinant internal s:urcos
of 2-N angvlar oszillatton in a

R it e e

«w=~= Intluding Residual Temperature Eflect on dynamically tuned gyrs are the
Eiastic HModulus due to Pilcko”f Instability; " sghaft bearings and the npin
Temparature Coefficient of EBlastic Nodulus motor., Since the spin motor in-
300 gpm/K, AT = SO0K fluence, however, can be suff{-

cieatly reduced by design and
operation measures as for in-
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stance are reported in/1/,here just the bearings shall be regarded. Their imperfections
produce a spectrum of radial wobble which, disregarding other components, containg the
integer harmonics of the spin frequency. The radial motions of the shaft in the bearing
planes are transformed into angular motion of the shaft axis in the general case of the
radial motions occurring out-of-phase (see fig. 11).

With gyro ball bearings of good qualitys2-N radial wobble has been observed of typical
10 nm amplitude. Together with a typical bearing distance of 20 mm it produces a 2-N
angular oscillation of the shaft of ¢,,, = 1 urad under worst case conditions. i. e.
the 2-N radial wobble of the two bearigg being in counterphase, The bearing distance
determines the radial-to-angular transformation and should be made as large as pos-
siktle regarding this mechanism.

The 2-N angular wobble excites the drift rate wd(2N) according to equation (2). Much
more interest than by its absolute value is, as before, attracted by its stability.
The day-to-day repeatability of the 2-N angular wobble can according to experienced
data be quantified to less than 15 % of the absolute value including phase variations.

The resulting maximum instability of the drift rate is plctced in £ig. 12 versus the
rotor radius.

Drift Due to 2-N Angular Sensitivity

Result:

Using a ball bearing _upported shaft with a good, but not extrume haaring guality,
characterized Ly an instahility co? 2~-N anqular wobble c® 0.15 nrad, inertial grada
gyros with a day-to-4ay repertability down to 0.01* 'h can be impplem.nted with a one-

yizbal suspension.

Accordingiy low ia the 2-N anguv -+ sensitivity of “hese gyros in response to external
oxcitation, tcr example due to vaxistions of the elasticity of the ambisnt structure. y

Reverse Conclusion:s

For lasf stringunt requirewe=~ts which adamit drift instabilities due ) hearing wobble
in order of 0.05%/h or more, bearinge do not need any critical quality specification
with tespect to I~N subble,

2-H Radial Sensitivity

The internal excitation of 2-N radtal wobble in a gi.o has the same crigin as that of
the 2-N angular vobble and as wis dealt with in che preceding section. For the mechanian
sse fig. 11, In this case i-N radia)l oscillawions of the suspension centra wvith the

ampl itude 2‘: are effective. Accordiny Lo equation (3) they produce the Arift rate

&
x
Yoy (2N) = il (Il: 23 ‘xel(a) 3) |

It depsnds from the axial separation s, of the suspension axes and from the gimhal
pendulosity By®yse Its lastabilicy is

1
A“ar (28} = T (m2 t ‘x’az’ da,_ ¢ (m de + m éaaa) LY (17)
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The gimbal mass needed for the estimation of this drift component is for gyros with
UKF suspension, with performance data according to fig. 7 and rotor radii > 16 mm,
given by .

7
B

R = 0.053 (&) 6 (18)

It remains nearly constant for smaller rotors.

The 2-N radial amplitude of the centre of suspension due to the bearing wobble re-
ported in the preceding section can amount to twice the radial wobble of a single
bearing in a usual gyro geometry according to fig. 11. Thus the radial amplitude
comes to 20 nm., The axial distances in equation (17) can due to experience in the
prototype production of suspensions
Auwgr(2N) be rated with good safety to
9Yh
Wor [25) resTI 8, =2 um s, = 5 nm
—— wm ! -

Wer (2N) /o RMS egg <10 uam beg,= 10 nm

sg=2pm A3222,510 sz

N o= 10Um  Aegye10nm Using these data equation (17) renders
0 ] s =20nm  Asr =3 nm the 2-N radial sensitivity and the

N re r instability of the resulting drift
N‘WK- due to the 2-N radial bearing wobbleas
S0 .005 plotted in fig. 13.

L N Result:

8

03
20 o The drift instability induced by the
2-N radial wobble or the gyro's own
N~ shaft bearings falls even with wide-
10 o0 -~ hearted presumptions regarding bea-
ring quality and gimbal pendulosity,
definitely below .01°/h for rctor
radil over 14 mm. No further reduc-
tion by gimbal balancing is necessary
even for applications in the 1/100°/h-
Fig. 13 domain with usual rotor radii of

2-N Radial Sensitivity and Instability of 15 mn and up.

Drift due to 2-N Radial Shaft wobble of the
Amplitude 5, without Gimbal Balancing

R
R 113 16 15 20 mm 22

The primary reason is the minute axial
separation of the suspension axes,

sec ondary ones are the small gimbal
mass and small initial unbalance,
features, which arise from characteristics of the speclally developsd machining pro-
cess and the mass~saving design concept.

Balancing of the gimbal could prove necessary only in case the radial sensitivity with
respect to external 2-N accelerations shall further be reduced. Its values range be-
tween 40 and 10°/h/G RMS. Its dominant share originates from the axial separvation of
the sugpension axes, which in this gsuspension due to the manufacturing process is al-
ready very small and which according to cequation (1) can be compensated for by deli-
berately producing a gimbal axial unbalance.

Final Conciusions

the novael gyro hinge design described combines outstanding producibility thanks to a
dosign of unjique simplicity with high performance capability due to optimal flesure
contour and utilization of desigr space. Its indirect effect on the design and the
effort for manufacturing and calibrating dtg's has been shown «ith respect to strap-
down yyros in the size ranging from 12 to 23 ma rotor radius. The following cost-
raducing congaquencas on gyro design and calibrstion can be noted:

1. %o nead for mul:i-gimbal dusign even in the inertial quality domain with day-to-
day repcatability down to 0.01%/h.

2. No nead Yor gimbal balancing in the same domain.

3. No tuning treatmen- whatsoovar for gyros of day-to-day rapeatability of sore than
0.1%/h to 1°/h, depndent on size and pickoff stabllity,

4. Reduction of tuning rredtment to suspensicn pre-tuning [or most inertial grade
gyros.

5. Reduced influence of clastic modulus varlatjons.
Congequent utilization of this potential renders gyro concepts of speclfic simplicity

and cost effectiveness in each application range from low performance to inertial
quality.

i
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OPTICAL ROTATION RATE SENSORS

G. E. Knausenberger, Consultant
Alr Porce Office of Scientific Research
Bolling Air Force Base
Washington DC 20332

INTRODUCTION

The measurement of inertlal rotation using optical methods has been under active
developrent for more than 15 years. The approzches 30 far have hbeen based on two princi-
ples: one based on the Sagnac effect, leading to the ringlaszrs (RLG) and 1ts new
derivatives; the other based on the spin of the nuclel leading to the nuclear magnetic
résonance gyrc (NMRG or MRG). In the case of the RLG, the inertial reference quantity
is the veloeity of light, since it 1s independent cf the platform mocvion. 1In the case
of the MRG, one attempts to derive the inertlal rezference from the spin vector of a
conglomerate of orlented atomie nuclei. Succsssful approaches are sc far limited to
inertial, angular velocity measurement via comparison with a magnetic field induced
Larmor precession of the nuclel. Both methods rely on optical operating and readout
means, the RLG by necessity and the M¥RG by convention.

The research and development for both systems 1s dictated by the promise of cos*
reduction or performance ingrease, or both, in strapdown inertial systems, and ther hene-
fit from the applicatior of modern optics and micro-electronics technology. (Pig 1)

As to status and progress, it is fair to say that the RLG has reached production
stage in its original conventional version, while the MRG is more or less still in the
exploratory cevelopment or research stage.

Justification for pursuing both apprcaches derives from the fa«t that the RLG
rzquires a certaln (large) size and mechanical precision in construction while the MRG
has the potentlal for greater minlaturization, especlally for relaxed structure tolerances.
On the other hand, recent RLG work indicates new possibilities for sipuificant sensitivity
increase and optimum adaptability to specific environments and misaions. {(Plg 27}

The paper wiil be primarily concerned with an analytical review of various approaches
to the measurement of inertial rotation by optical means with emphasis on the more
recent concepts.

LIST OF SYMBOLS

Yv gyromagnetic ratic of particle

4  number of pulse counts

C phase velocity of light wave in vacuum

€% phase velocity of light in rotating optical medium

f optical earrier frequency

¢ optical phase
ar,F veat (requency, RLS output signal frequency

L length of closed asptical path

# refractive index of path zediun

8 nusper of turpny in optleal path

P nuaber of recirculatlons of waves in elosed optiecal path
P fractional polarizetion of nuciear particles in specific gas volume

v(t} phase difference betveen the electrical ventors of the clockwise {CM) and the
counterclockwive (COW) traveling optical waves

s/n signal to nolse ratfon of electrical signal at =motion detection
T  integration time at detector output

T photon transit time over p.th

T, relaxaticn tize for particle

2 rotaticn rate as mechanlcsl input, to be determtned

angular frequenty, wave rotation rate
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A2 rolative shift of interference fringe location

RINGLASER

1. Concept

Sagnac, in a 1913 publication, demonstrated an optical system capable of sensing
inertieal rotation. Using mirrors, a single light beam was split into two beams which
were then made to travel in opposite directions around a single closed path. After
traversing the path, the heams were superimposed to produce optical interference fringes.
When the system was rotated, a small shift in position of the fringes on the rotating

platform was observed., This shift !3 pi , “rtional to the velocity of inertial rotation
of the system platform.

The ringlaser rotation senser (RLG) 3is a device which uses the basic Sagnac
effect in a particular way. A laser 1s incorvorated into the closed loop optical path.
Its frequency is determined by the resonant frequency of the loop. When the system
rotates, the resonant frequency splits into two frequencies; the difference frequency of

these two simultaneous laser oscillation frequencles is proportional to the rotational
velocity and 1s measured.

The phase of the beat signal, which is measured in che Sagnac case, is here
simply wmeasured by transforming the sinusoidal beat signals into pulses ana by counting

these pulses. Tne number of pulse. 1s proportional to the described angle while the
pulse rate is proportional to the rotation rate. (Figs 2 to 17)

Different from cornventional gyros, the RLG is a static device.
and wide linearity up to 108 %/hr from a few hundredths with deviations rrom linearity
~10"3. It has direct digital readout, and a 20 cm side triangle renders easily a frac-
tion of arc sec resolutica. 8Signal processing 1s easy and avoids the problem of weak

analog signala. The RLG is insensitive to vibration and acceleration in a sufficiantly
rigid structure. '

It his excellent

The RLG is intrinsicaliy, weéskly sensitive to temperature and magnetic field.
Difficulties arise from the coupling of the optical waves, the non-rgciprocity of the
properties of the optical trajectories in the amplification and resonator medium, and
from the need of conservation of optical path alignment ip spite of environment infiu-
ences.

Sirce 1963, Maceck and Davis at Spervy first demonz®ratsd a ringlaser; the R&D
community has successfully dealt with the RIG's detalled materials, shielding and
stabilization problems; has developad 3 theoretical framewerk for understanding the
phenomena for mathematical models to aid design and tsesting; and has sugeeseced to produce

a rellable inertial grade gyre with oxcellent operati-g and shelf life. (Pig 19)

2. New Appeoaches

Mew tachnologles and new solutfons for oversoming costly intrinsic diffisulties
have stimulatad new approaches. Theae new appruashes to inertlal rotation sessing e
also almed at providing high sensitivity in the moasurement down to vary low rales, 43
required irn preszent and anticlpated nu+igstinn ard s2ontrel applicatieons Ln pariteularp,
with the eapectation «f Increazed applicabliley and lader averdall cost. They, toe,
render the direct quantitative absolute 1nertial rotation rate seasurament, requlrisg

no compariszen with other ataadards for calibration amd are bdasléalliy unaifecusd Dy
aceceleration.

The neu asystams srv basad on the Sagnae effest Lut are designed to be inherent-
ly free of ove serlous prablem encountered xhen the laser 13 in the ring: the mode
locking effect. A3 a rasult of this effect, zero ratatlon raté will be indisated below
a certaln rate. 3¢, the goal %4 to lower this lock-in threshold by =2proved design Sueh
that 1ts value i3 below the =2inizum rotatisn rate %o be mezsured or to find meana to
evercome of circumvent the logking effect altogether. This leads to the oppllecasion of
2 "blas" potatior ratwe where, for laatange, b {=posed Known steady rotaticn silmply aa
operating range outslde the I<ek-in reglon 1 used or, more frequently, wiere the blas
rotation 18 ocsciilating symuelrically far across the leck-in range, which then allious
the measuresent from ero rate over a wide range of rotation rates. Unforzunately, these
latter "dither”™ biss (mochanScally, magnetically, or optically induoed) methods create
tolse which defeats the attempt towapd minimum rate messuresment thresholds, and {ntisduee
error sources of thesir own. (Figs 2, 3, 9 to 1R) A novel “seif-dither® proposal

guggests sicplification of the blasing system by laser irternal pericdic bles generation.
{appendix A, XI)

Another appreach to aveld ihe lock-in probles 1s %o appl; statisonadvy biags on
two separate optlcal oscillatora in the same ring such that, with oppo2it- kias pelarity,
the one beat freguency increases while the ather decreases Srom tha stationary operating
point. The degree of symxetry and reciprocity 14 the optlcal paths of the two lusting
systens will detarmine whether the maxisun sensitivity (ashot nolue limit) and stabdility
can be achieved. The results 3o far are encouraging. (Pigr 15 to 17, appandix A, Pig L1}
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More recent approaches attempt to avoild the complications of the active
resonator, including the lock-in problem, by putting the laser outside the ring. The
measurement becomes, again, a phase shift measurement. The light beams in the ring,
which now acts as passive Pabry-Perot resonator, are essentially decoupled and guaranteed
a maximum of reciproecity in their propagation. While in such a system, one can apply a
desirable high signal level; the indication of the rotation, and the accuracy of the
phase shift readout is a major problem for opto-electronics. (Figs 4 to 7)

The solutions for an accurate and practical detection are sought essentially in
four directions:

&. Improvement of the classical fringeshift reading through differential two~
detector schemes and application of very low loss components.

b. The modulation or switching of the optical carrier and application of
synchronous detection and a feedback signal servo at the output.

¢. Peedback from the output to the input Lo tune the laser line to the rotation
shifted rescnance frequency of the passive ring resonator. Direct frequency
differe:nce reading is possible.

d. A pulse system featuring, like an RLG, a rotation sensing loop comprising a
single reentrant closed optical path, but with the laser oscillator outside
and a laser amplifier within the loop. The signals from the external source
are short, optical pulses and are sensed each time they traverse the turns
of the loop and the rotation data is extracted from these sampled pulses.
This reentrant system has inherently the sensitivity and digital output as
2 ringlaser would have with the same loop dimensions if mode locking were
absent. (Figs 18 to 24)

As seen, these new systems have the source outside the ring, the beams are
decoupled in the ring; so, no mode locking obscures the rotaticn effect; the frequency
of the osz2illator is not influenced by the counter traveling wave and multiple turns of
low loss optical waveguides can be profitably applied to increase sensitivity as can most
componerts of integrated optics. In return, this technology benefits from the very
stringent requirements of this new instrumentation. ¥With these concepts, application
adaptive optimut: devices can be congsived, cheap small sensors on a chip and large [liber
loups around a vehicle.

Progress in the short time of activity in the above mentioned direction is very
encouraging elthough still far from the geals, 3Shot noise limited threshelds apnd earth
rate measurements hsve been achieved in the laboratery.

The figures following this text attempt to illustrate the main implementatign
and trends., The new deviees snd thelp potential should broadly cover the foreseeable
application needs and at reasonable cost.

3. Russtan dctiviey (IV)

Alsa, casual cbservation sthowpd that during the last decade 3 relatively large
aumber of Ruzrslan selentists hive publiished eon ringlazer related subjzets. Aslde fropm
raview papers, deltalled techunelogy aspects and seme atiaylating, as well as puzalling
tepies, wers discussed; Taples llke loek-in range reduction by hacwicakter radiation
reductlon in servond sirvoe shift arrangesents (App A, Fig 12), application of a satuzable
atrsoprbar wedliuva Bo prevent mode loeking, snd theory to explalin ebasgrvatlions made with an

- all solid-gtate rinzlaser. The latser subject, although of some gensiral interests,

poasing sentraveratal.
§. Ringlasar Jusmary

) A1I the Krown approaches are based a8 the principle that twe identiesl ilght beans
propagatiag in oppasite direstilons asdund the zase alosed path suffed unbequal phave shifts
in the prasence of isneptial rotalion. The phonomena wiy Flrat descriled by Jagraw in
1933, and 1te validity Jesonstrated by researsh workers (Harress, Nichelsen, a.0.) sines
gnen. - The ragnitude of the rotation lmivded sun-resiprreal phase shift 18 proparifonal
2 the Inertial rotatlion rate aboul an sxis perpendizular to the plane of the Light patd,
2 the 2rex sncloded by the path, v freguency »f the 15ght and 2o ihe lnverae of the
shuare of the vacvum Seloulty of the light, Naotlee that it 33, in firss ordex, lmdepen-
deit of the properties of the Lipght path.  Beeguse the ghase shift is very mxall for the
rotation rétes 4F intevest in fmertis) mavigetleon fe.g., Tor owif~Y x carth vate and
109 o&! ered of %hhe ring, the phase shif 13 10-10 sadians), sophisticated spproackes
sust be usyd for the mezsuresent of the phase shifts.

The =08t poyuiar snd ruccessful technique developed so far ls based on the ring-

lzser (HL3) approdch in which obe risng ressnatsr or cavity is “active;™ l.e., it containg

& lager 43 dsvillator and the phase salft manifests 4tself 23 a fraguency diffwience
batueen thne lwe opposltely propagsting besss.

&3 light sources, Hele lasers have found predoninant use, and excellent operating
and relfabllity nondiflonz Rave heen jeported, HLfGs have been dexonatrated i sirapdown
systens ower FonsSItIvity ranges of 18°Y t~ 107 %/nwr, however, sre nivt currentiy cost

¢apetitive with vonventidnal gyros from szheust 1 to 36 O/hr while the newer optical
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rotation sensors are expected to be. Multioscillator system e¢xperiments indicate
satisfying the high sensitivity end of the range. It also appears that a single opti-
cal rotation sensor can cover five orders of magnitude of measurement and accuracy
requirements, Related research and development efforts promose new advances for
sensitivity, accuracy, operating range, reliability and -ost improvements by new bias-
ing arrangements, new optical components, and laser sources.

While the conventional gaseous dithered systems experience continued improvemsnt,
they are being complemented by solid-state systems which draw on fiber and ia%tegrated
optics advances., Recently, several "passive'" approaches for the measucrment of the phase
or fringeshift have been under investigation. These incluide the use of pacsive ring
resonators with light sources external to the ring an? external means of rhase shift
measurement as well as multi-turn fiber optic interferomecers emplcving semniconductor

lasers and various sensitive schemes for the readout of the non-reciprocsl, rotation~
induced phase shiits.

OPTICAL PUMPED KUCLEAR MAGNETIC RESONANCE GYRO

1. Concept

The nuclear magnetic resonance gyrcscope is a rate integrating single axis
instrument. The inertial rotation sensing element is a ccllection of oriented atomic
nuclei. Aside from the motion of the atoms, there are no moving parts; the operatlicn
should not be influenced by high acceleration and should create no reaction torquei. It
can also accommodate large input rates and angle ranges.

Here lies the practical interest in 1‘s development; physical sciences motiva-
tion derives from a simplified picture of certain atomic nuclei which posses inherent
angular momentum and act like spinning perfect gyroscopes &t the center of atoms with
no power input and hearly perfsct gimballing. The spinning nucleus (or atom) has also
a magretic moment which, furtunately, allows readout of the orientation of the spin but,
on the other hand, requlrea ecareful magnetic field equalizations and shielding to hold
the disturbing moments at a low level (< 10~9 gauss, e.g.). The 1deal situation woulsd
be the removgl of all amblent magnetic field and the precession-(ree operation of th
gyroscope deriving "space reference” f{rom the cogllection of ordered spins fixed in
tnertial space. Since & single atom would hawe too low a magnetic and spin momert
collection must be such as to have an accumulated magnetic and angular momentum strer, ..
above the tolerable interfering influencea. The surplus of angular momentuas as in a
mechanical gyro cannot {yet} be obtainsd

At present a compromise i¢ used. K sigeable, constant magnetlc fleld is intro-
duced and a Larmor preaesszcn of nueclear magnetizatlan initiated. Rotation {nformation
sensed arises from changes in the phage and frequency of the measured signal when the
obaervers' platforz rotatey about the direction of the applied constant magnetie fleld.
this 13, thest, a rate gyre instead of a directlional gyro with the input axis along the
spin axls of the lapmor preceasian.

To anompengate for sagnetic fleid changes, two Kinds of nuclel are used, hence,
twe outpul Pfraquencles. Purther; In order te sisimize effects of nuclear magnetie vector
fluesuations {by light), two aqual precesslions ia appoklte magnetle fleldy are employed.

While one LalEs of & ®gyreo,™ 1% must bhe esutlioned that the principle appited in
the HNR £3 ane very di?:ereﬁf From .hat of a gyra. An axls tilt would nst render a signal
bvecause, ia priscipie, the piane of precwssion follows the direetion of the applied
magnatie flela, S22, the inerilal reéforsnce pay ta!r‘ anly to the rotatliaen about that
dirention., In =y présent Judgement, shethesp the fignal arlsing, in case tne magnetis

fleld g awltahed AP, e be used awd, mete ppractizaliy, how crogs-axis coupl!ns can be
ellsinted, remaing opea. iFlgs 10 b2 &)

In Bhe follewing, Furthwr detallld k?¢‘§!V#ﬂ, fooussing 20 Sofe eagentigls

etharxise bavad, f3r from trgoretieaily and experisenitally finalized, resesrch and
development offort. ) : '

in an

2. V¥Why Optieal ?‘3»lvg

rouﬁ wﬁﬂﬂ??lc regonance gyvo sevelispmenty use optically pumped atomic vapors.
The ef !e;tt 2 al¥e wf nucivar extenty in a w%: daspie 18 extremely s=ell in the natural

equiisibrive nitustian whoreé a slar randed oriantallics of =moxenls exigte. Upllez]l puwp~-
ing 12 then o technique 3o orient a ijarge portien of these mozentls 1 3 singae apatial
direction so that o smloragodnlc RNomest resulis, the poaitlon and velceity of whiel can
be detarmlned presliaely, as neademl for he gyrodcope applieation Ohe should notlice
B2t suih Remsurermnt woxnid not be 9ozo$h;c for a singlie particle, but that A cerialn
esngloveratle a? pariiclées fs necessary. e nunher of participating particles (Tempera-
ture, pressura) necsesary is 2 sublest or-;uraher regearsh in conjunciisn with the
nienﬁi ,zncrab.o& ang detecatmﬁ imxr&yeaeni'probloa.

Altkough many sthor. \zrheti* rsactance meagurezent achenos exist, 2he
adwanta‘es ¢f an optlealily sunpad gaa .yz’éﬂ are dominating; they are threefola:

2. ¥h 10 An syasdard sﬂ#& thﬂ spin polarization of a sasple st f'elds below
hiundred gause 18 Sce 3mail fo be of use, one can obtaln large 3pin
_ ﬂblirﬂ’@~£0? by nptiea. pusping alszo in a Nz2ai or zero ansnetla fieid;
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dre cbtains very long spin relaxation times in an optically pumped vapor
s0 that magnetic reconance iine widths are narrow and the precision of
measurement is high.

¢. By monitoring the magnetization with light, one can attain high signal-to-
noise ratios.

Nevertheless, it seems prudent to watch development work in classical nuclear
magnetic resonance such as magnetometers based on dynamiv polarization of nucleii by VHF
pumping ol a liquid ensemble. Extrapolations of such a system could, in principle, lead
to a gyroscope.

In optical pumping, a light beam inceracrs selectively with a vapor to porulate
angular momentum states of the atom, thus providing a large degree of spatial orierta-
tion while the light penetrates the sample. Once pumped, because of various relaxation
mechanisms, this orientation devays toward equilibrium with a characteristic time con-
stant T.. This time must be long enough for an efficient pumping to be completed and to
have tige to permit precise measurement of the precession frequency.

The optical pumping process 1s used elther in a one-step or two-step process.
In one step, a system of vapor atoms 1is optically pumped by absorption of spectral light
from a vapor dischurge lamp or a laser. This results in a magnetic moment cf a signfi-
cant number of atoms being orientated in the direction that 1s parallel to the incident
light. If the optical pumping rate is 1/T_ and the decay ratc ir 1/T_, then the
fractional polarization at equilibrium wil® ve: P

p = 1/T1prl/'r * 7 Tg T (Eq. 1)
p d p d

In systems where a second step follows, that is, whsre spin exchange collisions take
place from one gas to another, the fractional polarization p must not only be large but
the spin exchange times must be much smaller than the decay times of the polarized
specles.

While the sparial orients.ion of the spin system is caused to vary in time in a
prescribed way by the application of a suitable combination of AC and DC magnetic flelds,
the absorption of light (from the same 1light that is used for optiea) punping) depends
on this spatial arientation. The intensity of the transmitted light beam varles,
therefore, in accordance with the applied fieids and with the magnetic fields created by
the precessing nuclear moments whieh vary in time at thelr espective larmor frague..cles,
and whteh cause eorresponding sinusoidal amplitude modulations of the transmitted light.
The ad ‘antages aimed at with such & system are:

a. The same light source for pumping and readout.

L. Uoced operaticn at low magnetle flelds for whleh fleld untiformlity 18 easi.or
to gchleve thus obtalning desirvable, leng goherence times for the nuciear
precession.

4. The madulation infor=ation on the light eontaing information not auly about
the nualesy zosent Tlelds but abeut ether mapnetlie flelds. By sultably
prozesaiag thig inforsmation, it 13 passible to precisely control these
flelids slong the three arthingonal ases.

3, She sffeotive mofent flelds deterhining the readout asignals ¢an be auch
sudller than In a3 cdse of an indusilton eoll plok-up.

3. Elisinatlen of the EfTocts of Asblent Hagnetie Plelds

The HNR system Lz roansitive both to the inertial Potillon rate of the agparatu:
and the zablent sgeneile {ields. EBather than ztlespiling Bo sliminaie thls flcld, 1t has
Been cualonary io measure the {lelds simultaneausly with the rotalion rate by using two
42 fTerent nuclear speeles dines w0 unknowns, the field and the retatlen rate, require
tas meagutresenta. The pioblens of elininatlng the effects of external Flolds 3y using
twe species l& ceniral ta the “room ltemperature" UNR systems of Sinper-Kearfolt, iitton,
and Texds Insiruments.

In goniraze, Stanford University is workicg on a beilun 3 nuclesr gyro $ystes
vhere al cryegenlc lemperstures the anblent magueti~ flelds and then the spin disturbisg
actents are minleized thesugh the employment of superconductive shlelds.

2. RMS Mechuarization (Pig 35)

In one example of an NRG, the cell) (1 o ¢} of high purity synthells fused
sdilea containy "V%ig and 1%y in the form of men-atonlc vaper (107% millimeler Hg,
1612 atoma/ec).

The Larmor signals ecour at i KNz and 269 liz, respestively, in a 1.2 gauss apgplied
fleid. An optical punpling bearm lnperte angulasr podentun frow the circelnrly sciarized
iight to the wmarcury atensg o the net nucliear smagnetivation Secomes oriented and sahanced
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by a factor of about 109,

The precessional metion of the magnetization causes the monitor light beam tc
be modulated at the two frequencies. The modulation on the light beam 1s converted to
electrical signals, amplified and fed back to drive the ! - ,netization in a sateady pre-
cession. The gyro output signal is derived from two suck NMR controlled oscillators as
“spin generators.” The two oscillaetors ares arranged witn their constant magnetic flelds
pointing in opposite Jlirections so that rotations, which add to the phase of the signals
in one oscillator subtract from the phasegs in the other loop. This improves the phase
detection accuracy anc minimizos disturbing environment influences.

Gyro performance depends on phase and frequency stability of, and noise 1in,
the spin generator loop and or: the directional stabilit{y and uniformity of the magnetic
fields.

The nolee, arising from the photon beams in the spin generator and from the
fundamental magnetization phenomena, can be minimized by achieving large S/N ratios in
the magnetic resonance cell (>40 Ab).

The degree to which the output of the oscillator follows the precession motion
depends on the phase stability of the oscillators where a large amount cf feedback 1s
warranted.

A change in applied magnstic field direction changes the direction of the gyro-
sensitiv: axis. 3mall shifts can be accgmmodated by shielding or orientation change of
the AC diriving colls.

At what precession rate the magnitude of the resonance is a maximum (and the
phaseshift at median value) and is---aslde from magnetic field and the gyromagnetic
ratio-~-also weakly dependent on the spectral distripution, polarizatior and intensity
of the applied lignt. The influence of light intensity changes is reduced by careful
equivalent adfustment of ‘he light in the two cells.

Purther discussion will focus on some principal aspects of interest in the
attenpt to utilize the full information stored in the phase of the precessing nuclear
magnetization.

5. Chotce of Nucled (Pigs 36, 39)

From the <xpressions for the phase error, it can be zeen that the effective
relaxation times and the 2ifference of the gyromag. ~tic ratios should be maximized.
Favorable cholce of atoms and rnclel m=ans, of course, simplification by avoiding intrin-
gie difficultlies. FPop lnstance, cholce of a%uoms with & clused electronic shell, like
noble gases have, may rendor minimua interaction and high relaxation times. The cholee
of the particle 13, howevar, mostly ccustpralined by the available knowledge and experience
with a particular system and 1ts behavinr in RMR operation (Blech equation parameters).
Further research will certainly be helpful.

The Known ANR gyre effecta eaploy:

a. Two 1sotopes Hg!?? and Hg?%!, tne baszlc physice of whish has been exP:ne
sively researched in the past; they ean be dipectly pumped with UV regonance light
(253.7, 185.0 nz) requiring quartz opties and suffering absorpilon by atmospheric xygen.

b, Q34 lsotoepes of noble egases which have the advantage of longer relaxailon
times, bul =3y have the disadvantage la that they cannot Le pusped with thelr cun
reaonanve klpht which may lie feo fap &n the ullraviclet. One m2y use, tren, a2 teckni-
que of apin exchange puping 1n whien alkall =melal vapoer 43 alzed with the noble pages
and the polarlizatlion aof the optieally putped vaipor iz iransferrsd Lo the noble zZaz, the
pusning 1ight requiring only glass optles,

c. Delng explored it the cambination af nucisar splh systess, Hed 12133 ),
wAth clectronle spln systesm He® {273.) vith the Hal'y very iong reiaxzilion Ling 18 che
grromade and the He™ with short relazation time in ibe magnetometer smods. Nlace a loag
eolazation tise, wnupled with a Blegh $ignal te nolse ratio, renders a mintsux g¥ro ofyal,
the goal i3 to reduce the influencs of Ne™ witr 1%ts shor? relazsticn tlse (it mwtaatakle
atexs are destroyed In collisionz) an the Hel system, wno.ing that the gyrosagnetic ratio
cenpensatss for the frst relaxation of He%. The measurcement threshoid for the KRF 13
deteralned by the statlstical error of the seale faclor and by practical 1imitatlons due
to anot nolse, fvguency, and phage drifts.

That the praetidal error Is larger than the theoreticaily delerainsy stazlatical
error and shous Atift---where the exponient indlieates the uncertalnty of the lime funee
tion for the drifi from one systen tn ancther---13 sudjlest of furiher research and
davelopnent. 8hie concern 1s the shol nclse influence. To decrease it, one Increéases
the Intensity of the light; thizs houwaver broadens the magnetlis vescnence line which
caunterants the fapinvement from reduced shol nolse. Optimun iight lavel s reached
¥hen ihe #olazation rate of the atoms, due to the 1ight; 12 equa. o the intrinsic relas-
asion rate, Furither, the detectlon schere should be guch that the coupiing betveen shot
tiolge ang linewidth fs a sinloun by arranging that a masisun of 2%caa are avallabie to
interact with the 1ight, and the interaction rate per atom can be relatively small.
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6. MRG Summary

The NMR Gyro or MRG employs nuclear magretic resonance phenomena to measure
inertial rotation rate.

The rotating mass of a flywheel of the classical gyroscope as sensing element
is replaced by the dynamics of nuclear and/or atomic spins and resulting magnetisms of
certain atomic specles.

Unlike 31ts mechanical counterpart, there is no bearing to wear, and there is
intrinsic motion isolation. Reduced maintenance requirements, compact design, and
reliable electronic-optical comporients should lead to significant savings in acquisition
and life cycle cost if similar ratio of angular momentum to disturbing momentum can be
achieved, as is the case with a classical mechanical gyro.

Basi: to the MRG is tae fact that a magnetic moment generated from a multi-
tude ¢f spinning particles precesses about a magnetic {ileld H with the Larmor precession
frequency w = yH-0. That is, the inertial rate & can be inferred from the precise
measurement of the urinr precision frequency, given vy and H. (Pigs 30 to 32)

Here lies the practical weasurement difficulty since the nuciear magnetic
moments may be <10~8 gauss. Pirst, to maintaln the magnetic field to the desired degrees
of stability and uniformity over the sample may require special shielding arrangements
and close loop servo controls. However, by observing two magnetic resonances simultane-
ously instead of one in the same magnetic field. the effect of fleld fluctuations can
be minimized.

Second, the magnetic moment characteristie y originates from a conglomerats of
"polarized” single particles; it has a stochastic part and is sensitive to field
gradient and other environmental influences. The choice of the particles 13 of prime
importance for the composition and lifetime of the magnetic moment vector and thereby,
for the output signal to nolse ratio, the sensitivity and scale factor of the device.

Several designs of NMRG are currently being investigated. They all employ
optical pumping to create orilentation of the particle spins. This has proven to be a
convenient approach; however, 1t should not exclude other appireaches like electromagne-
tic pumping of liquids.

CONCLUDING REMARK

To the final quevstion, why eunsidering these optical gyros at all, when very zood
mechanical ones had been porfented at exranse, one may £ay that the use of any unconven-
tional gyro In 3 suldance system should not be thought ol as simdle replacement of a
conventiunal oae. In order te fully reallize all the unique advantages of a new device,
the systen application should be studled and worked threugh in terss of all aspests of
input and output characteristics of the new device. How much from RAD equipmept
finally finds entey lnte preductlien cannst be predicted ezaetly, hawever, is proportienal
to the percelved and demenstrated Innovative and coat saving value, the demonstration of
whieh {3 not without risis and z2ay take 2 leng time. The optical gyroa have a good heade-
gtare.

BB: Morris A OSTGAARD ant Staff “~ok competitive care ¢f the exigent chamges with
the figures aad tha final reproduction of the article.
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Figure lc

FIGURE 1. & strapdosn market predixtien shows inereased oppartunity for optizal
retation sensors {O0RS) 1o somparlsen to tuned rotor gyrog (TAG) and
ginballed inertial zystens. Consldering the regulrezent far vartous
applicstions, the ORI is llikely to be gost effeelive for a wide range
of aceuracles, with the Rif-systensr fopr the higher accupacles and the
NEG's f2r the lower ofes. Developent iz however, only i the sapriy
stagea. (XIIX, #76)
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FIGURE 3. Examples of typically achlever practical accuracies, with the influence
of the choice of quantization are given. (Ref I, #43)
SAGNAC's
EFFECT
Ht 1
[ “W
CIRCULATING RING TRTERFEROMETRIC
INERTIAL ROTATION INERTIAL ROTATION
SENSORS SENSORS
$ (DIGITAL COUNT FOR ANGLE) 4¢ (ANALQG FOR
AAL ] ANGLE RATE)
PASSIVE RING ACTIVE RING MULTIPLE-TURN
RESONATORS RESONATORS FIBER-OPTIC
(RING LASER) INTERFEROMETERS
I ' 1 I l } \
FIBER-OPTIC| | INTEGRATED FOUR WAVE TWO WAVE CONTINUQUS MODULATED
APPROACH OPTICS EXCITATIO EXCITATION WAVE WAVE
| | APPROACH APPROACH APPROACH APPROACH APPROACH :
\ v [ \- NG RN v , A 1
g PRLQ RLG SILO ‘
The SAGNAC family of lazer gyras
A ) FIGURE 4. The standard ringlater is only _ne branch of presently considered laser %

gyros based on the "Sagnge sffect,” with the “passive ringlaser gyro"

4 and the "Sagnac interferomcter gyros" competing. With no c¢laim to nemen-
clature, the difference derives frem the Sagnac phase measurement verias
frequency measurement {(ref: Y, #41)
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PIGURE 5. The basic relation of the Sagnac effect for the interference of two light
beams traversing equal ¢losed path in opposite dirsctions, while the path

is rotated. (Ref II)

USE OF INTEREPERENCE PHEROMENA 1V TWQ WAYS:

STATIONARY OR NOUING FRINGES
LASER QUTSILE OR IMSIDE RING

PIGURE §. TNesult of opticsl interfarence 18 either @ atationary of moving fringe
pattern depengent on whethear the laser i3 outuide the ring =f the
resonator, 18 “passive,™ or inzlle the ring (Tastive” or regencrative

resonator). (Rel § and Appendix A, 5)
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FIOURE 7. The measurements which the Sagnac effect then allows are rotation rate
expressed either by a phase or fringe shift, or by a difference between
two resonance frecuencies. The relative shifts are equal under ;
stationary conditions. For high resolution and digital readout
frequency output is desiruble. (Ref Appendix A, Figs 1 and 2}

PRINCIPAL MEASUREMENTS

b SAGNAC T _ 5 v
¥ T c
© RESOLUTION
4 _
b FRINGE SHIFT &, 107" +
T ogs PHASE SHIFT  A¢ 1072 + ;

- 2 '
K- . A -17 !
E 9 FREQUENCY af _ AT 10
o 3 f T

{
GENERAL RELATION FOR "SAGNAC SYSTEMS"
|
(aT) _ AL _ 82 _ 8¢ _ (af) E
T L z $ £ i
1
|
E
|
i

L Optical Path Length
T Photontransition Time c
Over L with z = ia Ts ¢ = 2n — T

b,> 8¢ FROM STATIONARY FRINGE PATTERN

Al FROM MOVING FPRINGE PATTERN ;
FIGURE 8. Example showing that frequency measurement allows vaslly detection of
a fraction of earth rate, while fringe shift measurement allows only a
multiple of it (without advanced techniques discussed later).

DESIRABILITY OR af MEASUREMENTS
EXAMPLE:
L = 400 cm A= 1.15% um
Af (t/¢) » 6.275 « 16° - n (rad/sec’

Az = 2.58 . m"i #t (rad/sec!

g0 1670 Gy @ Te9 1677 (rad/sec) gives
af = 6.5 Hg while

Y R
v e 0% R renders only

Az = 2 10'5 at limit of resdabllity
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PHOTODETECTOR

GAIN
MEDIUM

BEAT NOTE AF = Fccw - F = K

CcwW
K  AREA
LENGTH
K=UAF _4A _ D D DIAMETER OF
Le "Ix "2 CIRCULAR PATH

RINGLASER GYRO

FIGURE 9. The conventional RLG renders a difference frequency or a pulse rate
proportional to the rotation rate, as long as the gain medium inside
the ring supports two regenerative oppositely directed modes of
different frequencies along paths of identical properties. At low
rotation rates, the modes do not separate, they "lock in."

today wal et
outit eyt ,///
///, Ve
TRt T T et * fasagav iU
® uatQICILATOR
JCALL FACI0R A8 18 , * 0STIC MIRRRR
® LEOANICAL Jitide
watigt it
0 )
tt&.‘-’t"/ i
10A ERROR SOURCES 108 LOCE-~IN COMPENSATION

TECHNIQUES

Pigure 10. Erxor sources of practical devices and compensation of the lock-in
phenomena by mechanical or magnetic omcillatory biaa rotation, “dither,*
80 the resulting operating characteristic renders detection alsc around
zero rate input. The eguation for the phase difference betwaen the
oscillation modes shows a random phase, i{.e., noise with non-zero lock-in

range (Ref I, and Appendix A, Pigs 7 and 8)
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FIGURE 10.

Error sources of practical devices and compensation of the lock-in
pheriomena by mechanical or magnetic oscillatory bias rotation, "dither,”
so the resulting operating characteristic renders detection also

around zero rate input.

The equation for the phase difference between

the oscillation modes shows a random phase l.e. nolse with non-zero

lock-in range.
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Examples of RLO operating blias and scale factor changes through Shormal
The scale Factor deviatlons cccur near the peak dithet rate.

changes.
{Ref II1I, ¢79)
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i

INFLUENCE OF
MODE INTERACTION
AND NOISE

PIGURE 12. Daxonstration of how even under aquare wave dithering random arift
and bias drift 13 produced, because of random oscillator starting
phase and stochastic behavior of the operating characteristic
especially close to the lock-in range. (Ref I, #36; Appendix A, Pig 6)
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RLG ADVANTAGES

Inertial Angular Rate

Strapdown Conducive

Digital Output

High Rate Capability

Precisely Defined Input Axis
Negligible Accele-ition Sensitivity
Long Shelf and Ouerating Life

* Instantaneous warm-Up

t ettt

DESIRED IMPROVEMENTS

Reduction of Error Sources
More Accurate Scale Factor
Random Drift Reduction
Cost Reduction

FIGURE 13.

The conventional RLG renders considerable performance and cost advantage,

especially if the improvements underway are realized.

A major effort is

directed toward lock-in range reduction by reducing the backscatter radia-
tion especially from mirrors. (Ref I, 41, 46 and Appendix R, Figqure 12)

MTBF
ﬁ Hours ﬁnours
10,000 | 110,000

A Operating Life

-
6,000 ] —_—— { 6,000
-
4—"’.
P
.
”
2.000q P 1 2,000
7/
Vd
2 1 3 1 >
1570 72 BT Lk T3 ¥78

o/hr x inches

0.0l 4 Performance
x size
:‘l' yy " _; ’
1970 72 Q4 T1e 78
[+]
10 ﬁ E§ x Jhr \\
~
~
~
~
i performance ‘\‘-
L
x Cost \\
~
~
0.1 } [y 2. 2
1970 T 12 T BT T >

FIGURE 14.

Hedian values characterizing the availability and {mprovements of practical

RLGs based on canpahy and test station reports.
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hE.
S Four-frequency ring laser gyroscope resonator. The "Faraday" rotator
2 may comprise a Faraday cell or may be incorporated into another element,
3 e.g., a magnetic mirror or a magnetic field on the discharge.
e Loser dachorge tube : Ovecror of Trove
; f ?f Ee— Cw  CCw CCw  Cw
1 ’,vi - ] ,\ Compoess gon
™ Recorecd
( 5 m Dgég%c'm
2 L retator
P — =
% Ferodoy  rotoky
' Lasing modes of a four-frequency ring laser gyroscope. The composite gain '
£ curve (301id line) is a sum of the (dashed) single-isotope gain curves. !
j’ The Faraday splitting fa~f; = f£3-f4 1is shown greatly exaygerated for '
{ clarity. ) .
{; PIGURE 15. Principle of the four frequency multioscillator or differential laser gyro f
(DILAG) to avoid dithering. )
‘ ) }
% * FQUR MODE LASER GYRO
BERT NOTE(S) }
1 !
GYRO 2 GYRG 1
£, = -KR + bBias f1=m+8ias ' . i
.
e .
*!
2 N\
% 5 =Y “w
3 . ~N
&
§ USABLE ROTATION RATE RARGE -
) o~ i
\ £y - f3 = 2KR + (BIAS~BIAS) ' ‘ o
i 8IAS CANCELS . - |
: TWICE AS SENSITIVE A% 2 KODE LASER GYRO ' ’
’ _ FIGURE 16. Four oscillatiun mode# are bixsed stationary and diffcocentially by a ‘ ‘r
. reciprocal polarization rotator (QA) (typically quarts aut goral to o
1 its c-axis) and ‘a non-reciprocal polarization rotatct (Faradsy cell) (F). -2
Operating 20ro is at tha crods-over of tha charactesistica: sensitivity
- § to rotatien is do_ubled. ’
3| ’ ’ - -~
i‘ RS "
- - NODR SPLITTING
;- : UNDISTURSED CAYIIY NOOE
] % . l‘:‘-‘,ﬁ.
4 } oA+
: : LEPT CIRCULAR POLRRTZED | L o WIGHT CISCULAR POLARIZED
: I 3¢ IR E i R '
' ¢ | ] ] I
3 BIAS - K2
GYRO 2
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OA ~ 400 MHz

P ¥ 1 MHg

KR ¥ : 100 KHz
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FIGURE 17. The mode splitting produced by the elemants in the ring results in two gyros
of left and right circularly polarized waves which, in turn, have clockwise
and counterclockwise traveling parts split by the Paraday cell. At ccw

rotational input, the frequencies of the ccw waves shift down, the others

up. The conditicn for vbtaining the necessary non-reciprocal bias is

stringent stationary path asymmetry.Ref I, 39, 40, 44 and Appendix A, Pigure

10) .

L0 W BEAM
A

MULTIPLE -
TURN

SINGLE -MODE
OPTICAL FIBER FOCUSING
LOOP LENS

QEAM 8S;
N T ,{;
Po \55' i

S

Optical setup of the ring jinterferometer for the analysis.

F
' PHOTODETECTOR

I

APEATURE - ' QuTEuT
MATCMING VOLTAGE
DIAPNRAGMS T cos v

T

Fa

RL
DIFF. &MP l

9%

PH)YOOSYECTO&

Differentia)l detection schema with balanced inputy to
eliminate common-mode noises adaptable to the optical setup.

FIGURE 18. Optical fiber Sagnac interferometer syatan with énalog tqadon§ via
complementary fringe patterns and intensity comparigon. (Ref 3X, 961,

$69)
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2l
e
fr1cure 19b oncept
PIGURE 19. Cptical fiber Sagnac interferometer system with differential interference

pattern readout, built-in 180° phase bias element, modulated, input reversed
optical carrier. ({Ref 11, #65)

PASSIVE RING RESOMATOR LASER GYROSCOPE

veo SERVO DIFFERENCE AMPLIFIER
pg.‘—.

2 T
\ . / N .
b J N
N\ . / .\ 4
\3< —!—- “’f'j DETECTORS
SN, . * \0 ’/ Q /
ACQUSTO-0PTIC o \, &
CRYSTALS 3"\, . N 7
l * . ‘\ /
LI fOQf‘ . e
PIT E’g (E/]
A
V2o L o

$ERVO

Schematic Diagram of a Passive Ring Laser Gyvocscope Usilig Acousto-Optic Froeguency Shiftors

Por 17 CM 50 Cavity, 1 M Laser
Accuracy I = .36°/tir for 1 Sec. Integration Tima

optimus I e (04%/Br for ) Sec. Integration Time

ricugg_ao. Fassive ring rasonator system, tracking change ol resonator resonance via
servo-feedback varying ore optical ianput freguency and oane optical path-
length; allowing frequency readout. (Ref
®

© o e i a




S 2-19
ACTIVE RE-ENTRANT SAGNAC (GYRO) Usual Sagnac
: - N-Loop optical pulse system with an external Fiber Gyro
oscillator
- Internal bidirocectional amplifier gmﬁitgf
28 PULSER Loop
GATE Mod :
i = = Loop Transit :
AVP Time for Opt t~25us T~25us8
7
DIR COUPL S/
L
_‘ : y : émgration T Mt
Z ’J '
W GATE Type Rate Gyro Integrating
" Rate Gyro
o ¥
- ML s '
g
b - e s = — - o
{ — |
A -
= Air Schematic
FiGURE 21. ACTIVE RE-ENTRANT SAGNAC SYSTEM USING OPTICAL PULSES WITH MULTIPLE TRANSI~
» TIONS THROUGH MULTITURN LOOP, RENDERING FREQUENCY READOUT LYKE RLG. (Ref II, #68)
et
INPUT PULSE J] ”
Cw eutse AN | L LT 11
- cew putst RN | ) L L] LT | L
| PN
PHASE SPLITTING
-+ sd[ad g8 2N
N : ot

AT SN 20R j
| 1A

4 OETECTOR QutPuY ] i .
# \] _[ l/
; \\ i ‘L/
3 [ RSOV SR YUK VU U SN A WU S SUNU- S SR A ) S S |
i 8 12 4
';- ‘ t 0 NUMBER OF RECIRCULAIIONS (p)
3 ¥ - .
Rl Fe 7 0 5uscR ¢ REHRS TO I RN OF WTRN LODP
.
_ ; sunber of Recirculations (p)
"i'!! : £ = g{‘— P = g— & Subscr 1| Refers te 1 Turn of K-Turn lLoop
X L 1
4]
PIGURE 2i. Explanation of result of vectorial addition of menitored oftica: pulses in
H che active reentrant Sagric Gyro (ASS) during rotation of the fivet coil.

= {Ref 1Z, #6L)
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PIGURE 23. Example of possible performance of the ARS gyro for different radii of the
fiber coil. Intrinsic benefit of the Sagnac effect through large loops can
be realized optimally. (Ref II, #68)

FEATURES

1. Active Loap

Long Integration Time

& 2. Non-Oscillating Loop

No Lochéin

3. absolute Scale Factor

3! Digital
24 4. Jdeally Suited to Optical Fiber Properties
¥ FIGURE 24, 3Baglic foatures of the ARS develapment. Essentially a rate integrating
: systo=, succeading ia removal of path inatabijities and enviroamental
scasitivities, with a challenging inteyrated ootics bidirectional amplifier
project. (Raf II, #649)
s - \
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SAGMAC Eff.

b | n Active Reson. Passive Reson. N
3 ‘ --i_;1 Laser in Ring Laser Outside
LT Af gighered E;::;iero. AZ 8¢
. 3
IR -
¢ 9 4 Stationary Peedback
- Bias Systens
: 4
k,  ° ‘ Four Beam Phase
.y Dilag Feedback
: £ af st

. ; Stationary Re-entrant
ST Rotation Pulses

FIBER, IHTEGRATED OPTICS
MULTI-TURN LOOP

GASEOUS SYSTEMS
ONE-TURN LOOP

|
|
af { Y

A
n .Y

PIGURE 25. flow the categories of Sagnac systems are realized and what their output ard
determining influence parametaer is.

*RLG® QUTLOOX

Staticnary Bias

Sharter Wavelengths - X-<Ray
Solid State - 10/Fiber
rorth Sarsing Application
accolarcaeter Application

applications Related to Extreme Seunsitivity to Nonreciprocitivizy (lan. Node,
Polarization (harges)

Spactroscopy Strainmater &.0.
Nagnetcmoter Geaphyeice
Modulatox hveics Experimonts

Flow Velocity Neter

FIGURE 26. Trends and possibilities for application and extension of the Sagnac systoess.
(Ref I, #1% .
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RESEARRCH TOPICS

Rotational Accelerometer
RLG North Sensing and Seeking System
All solid State Inertial Navigation System
Application of Shorter Wavelength Sources
Utilization of Effects Related to:

- Refractive Index Changes

- Medium Flow

© 0 0 0 o

FIGURE 28. Recommended long range R&D topics, based on present. research trends and
available equipment experience.

ACTIVITTES '
RLG SAGNAC
Autcnetics Jet Propulsion Lab
s Honeywell Lear Siegler
i Hamilton Staudard Martin Marietta
I Kearfott MIT
Lear Siegler Northrop
: Litton Rockwell
;if Nortronics Siemens
; Raytheon Stanford University
Sperry Univ. of Utah
C.S. Draper Lab Texas Instruments
SFENA Thomson C.S.F.
SFIM MBB
Ferranti :

FIGURE 29. Companies and institu’ ons known through publications to be invelved in RLG
and passive Sagnac system research or development activities.

NMR GYRO

Gyro-Input Axis
z

32 Magnetic Field H Rotates Around Gyro Input Axis

Frequency of Rotation-Nuclear Precession Prequency - Is Constant in Inertial
Space

Inertial Rotation Rate Measurement QOnly about Input Axis

Measuved Frequency is Precession Frequency Shifted Highar or Lower by Amount
Equal to Gyro Rotation Rate

FIGURE 30. Principle of the Nuvclear Magnetic Resonance (NMR) gyro or Magnetic Raesonance
Gyro (MRG).

R R & al L = TN LR
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MAGNETIZATION Hn

Magnetic Field B, is Composed of Nuclear Magnetic Moment of Gas Atoms. It is

Created by Magnetic and Optical Aliynment. Its Motion is
Determired by Coherent Precession about an Applied Magnetic Field H,

Sustained by Application of Tuned Periodic Magnetic Fields in X~ (and
Other) birection and is

Detacted via Faraday Effect on tha Polarization of a Light Beam.

2 z z
4 ? A
4
I —
H H, (/ ~A"N
\tﬁ_ -
____\\\
A ——
A////’/, 4 i
| Light\‘ A LighN
x ! y x Y
Alignment of Magnetic H = H 81w A Sastain Detection of Precession

Momunts NMR OSCillations Moments

FIGURE 31. How the nuclear magnetic field precession vector is established by optical
pumping and driving magnetic field.

MRG - BASICS

4 -+
% =T H M Angular Momentum
> -+
hn = M T Torque
e - >
=H, xH o Y Gyromagnetic Ratio =
Magnetic _
/ “ Angulsr - Moment
Hyn B Nuclear Magnetic Fleld of
Collection of Ragnetic Dipoles
d ﬁ -> -0\
Rotation of Hy N ey (i, 2B
dt
ai .
Steady State Solution: "3?2 -yl = N Preceasion Rate about Hl

If & f sotation of FPrase in ﬁ Uirection
Mecsured Preces&ion Rate We it~ 0

SIGURE 32, Basic relation dafining the Larmor precession in relation to the anut
rotational rate.

MRG PEATURES

wo Gasies in. Ouo Cell: High Accuracy Ragn MHaasurement,
Precise Magnetic Pield Control,
wWiil, Temperatuce, Camposition Control
Aligrsant of #uclear Momenta by Optical Pumping of:
wWaorkiny Gasee Directly or
Indivectly by Spin Exchange froa Optically
punped Alkali Netal Vapor

Detection of Larmor Pregqueancies via Optical Hodulstion Directly of Indirectly via
£xchange to Matal Vapor

Shielding from Ambient Magnetic Pleld

FIGURE 33, Peatures of NRG realizations.
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MRGC PRIRCIPLE

Two Specles Implementation (A, B)
1f W, = Yl - Y]

|
[
= YBH - f |
|

WB
Y
(— W, - W)
Y, 'A B W, W
Thern { = A H = —]-'-. . .(__A.._-__B_).
Yg A -
(1~ ;—) (L - =) ,
a Ya
g
Requires High Accuracy for T
A

Duplicate Cell in Oppositely Directed Magnetic Field

Y
. Yo o1 _ o1
Wy = -y B" - 9 ¥, "2~ "B) Wl -t
Q= Y thioLB____él.
1 * 1 - -B Y Y
Wy = YgH - 8 ( N A (1 - B

Then Combirned

- 1 .l s 1
Q YB (WB + WB + ;; (WA + WA))
2 (1 - =)
¥a

e Y 1
; AWy W,

: 3 L (W, + Wy)
E - If Wy + Wy = 0 By Control of H One has Q = ———~—— :
F . B Ta :’
k. . . 2 (§_ - 1) :
; 5 §
1 ;

(W, + W)
And H-H = D A 20
g £ Ym i
* ; YA (- 'Y"") :
2 z,l A

‘R ’3 :
e E FIGURE 34. Explanation of the duel jparticle usage. i
X ' o OPTICALLY PUMPED NRG |
© i
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#alamholtz Colls for H Fleld

c
A
G Broadband Phase Stable amplifjer
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FIGURE 35. A typical MRG rezlization example.

MRG - ERROR

Measured Magnetic Resonance Frequencies of a Two Particle System
Wy = YpH - h ;
WB = YBH -

Assume the Gyromagnetic Ratios Yar Y Are Accurately Known, Then

_¥a¥s = ¥p'a

“ g -
Ya~ Yg

The Error 6Q in Measurement of &§W in the Measurement of Rescnance Line

of Width AW iz W & %;ﬁ and if AW 3 5, with T the Respective Relaxation

2 2
Yo SW Y. OW
Time, Then One QObtains from (63)2 =B B +{ g B)

(Yp - Yg)

2 Yp.¥n 2 -2 -2

A*'B S ]

8y = « Yo (ly,T, (&) 1] + YoTy (51 )

Yo' AA N, B'B N

Pinimum Statistical Error Requires: 1. Ypr Yp 28 Different as Possible

2. Relaxation Tinmes Tpr Ty, 28 Lnng as
Possible i

3. Signal to Noise Ratios as High as
Possgible

FIGURE 36. Theoretical measurement error of a two particle MRG and design reccmmendations.

PRACTICAL LIMITS ON SENSITIVITY OF MRG

1. Light Shifts in Regonance Frequencies (Correction Term Dapendent on
Light Intensity)

2. Phase Shifts in Electronic Servo Loops f

3. Light PF Circuit Interactinzn (Shift Influenced by RF Power Level)

4. shot Noise by Light Sensing
5. Limits on Participating Nuclei (102 Hg, 10'7 noble gas)

Noigse and Drift

r-eX T gffective Nuclear Spin Relaxation Time
60 mEw ‘
r Measurement Sandwidth :
x>0 S/N Signal to Hoise Ratic in Readout :

PIGURE 37. Errors observed in practical davices and reisted research indicate existing.
sensitivity limiting influences. The practical limit contains drift term

and is larger than crror shown in Fig. 36,
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NMR-MRG-DEVELOPMENT TRENDS

Mercury Noble Gases Helium-Systems
Direct Pumping and Readout Indirect Pumping ard Readout Direct Pumping
Collisicnal Spin - Indirect Readout
- Exchange

Two Particle System at Room Temperature (or Above)

A.C. Field NMR Oscillators

Combine Two Cells with Equal Materials in Opposite Magnetic Fields
Four Cells for Three-Axis Inertial Measurement

Exception:
Low Temperature System Employing He3,
Ambient Magnetic Field Dilution,
Pulse Type Precession Initiation (Varian-Packard),
Magnetic Superconductive Readout Method (Squid).

FIGURE 38. Presently known MRG system characteristics. (Ref V)

ORDER OF MAGNITUDE COMPARISON OF ROOM TEMPERATURE MRGS

System Spin T (Sec) Y (KHz/GAUSS)
A B A B A B §9 (Hz)
I 199 Hg 201 Hg 102 102 1 172 g - 1073
11 Noble Gas Isotopes 100 10d 11 F - 1073
F>1
It He? fe’ 104 1 1 10° 11073
(1*s ) 2%s)
0 1
, ) 172
ith 68 = (-2 & e Ay W )21
W 50 = o A\ + —
Ya Vg A fa~Ya B
And AW (Hz) ® 2 (x==) One Has for System III
T 'Sec ¢

172

g2 2 107% + 1078 <1077 n:

FIGURE 39. Theoretical comparison of known systems using order of magnitude values of
physical parsmeters, showing the difficulty of particle choice and reaching
the earth rate measurement sensitivity. Using high S/N and actual paramoters
improves the error value.
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A RUGLEAR MAGN 11C HESONANGE INMH) GYRO WITH OPTICAL MAGNE IOMETER DETECTION
PREAMP  peeamermmaeswctrn LOW NOISE PREAMP
HOUSING
: SILICON PHOTODETECTOR
CONDENSER -~ B d_ourruTrisen
LENS y 4~ OPTICS BUNOLE
FOAM PLASTIC BEAD .
G Ay / EXTERANAL MAGNETIC SKIELD }
/ NMR GELL OVEN ;
NMR CELL '
'{f“’ / }
coiL
SN OVEN HEATER !
|NTEANAL MAGNETIC . - ©_ . CIRCULAR POLARIZER
SHIELD ASSY N / INPUT FIBER GPTICS BUNDLE ,
\ H CONDENSER LENS
SPECTRAL FILTER !
& COLLIMATING LENSES
NMR QVEN -~ CONDENSER LENS
SUPPORT
LAMP HEATER
SENSOR GLASS LAMP ENVELOPE :
MOUNTING LAMP MOUNT HOUSING
PLATE
MAIN BASE
PRISM y B PLATE .
)
Assembly drawing of NMR breadboard gyro sensor.
2%

;
|
g
%

Cyro 3wie 43%a.  Bclrctod sogmnt wikth sversge Bias tomOved.

(Ref Vv, 4100)

7IGURE 40. Typical MRG davice reslization.
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EXPERIMENTAL CRYOGENIC He3 NUCLEAR GY1)SCOPE

ST T T

Pouamized SHe - YHe cas mixrriae

. SUPERCOL-2/CTING FIELD COILS
Courting ciazuty YO PRCYIDE CORSTART, UMIFOAN

Be i

S LD Mecagrong 16k A%

S0 Eatcrnomics pre o ReeshiBr o @ ¢ san coRatcTICR)
¥ o Rumtau st o tastsuneat st By

N PIGURE 41. Schematic o¥ cryogenic nuclear grycscope, using tted tarmor presession about
minimun etationary magnetic field inh superconductive magnetic shisid, with
superconductive magnetometer readout of precsssisn nmotion. Since magnetic

1 field stability provided by shield, only one spin species necessary. Nuclear
; relaxation times (lied in Hed mixture) in the order of day: or longer.
{ {Ref V, #89)
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MRG POTENTIAL ADVANTAGES

No Critical Mechanical Dimensions
No Moving Mechanical Parts
Strapdown Conducive

High G-Capability

High Reliability

Low Cost
PROBLEM AREARS
Drife (Increase of Relaxation Times Dependent on Cell
Noise + Geometry and Particle Environment. Reduction of

Shielding Light Induced Prequency Shift.)

Theory Development
Cross Axis Interactions
System Use

FIGURE 42. Suggested MRG potential advantages and work for improvement of present
experimental models.

HISTORIC NOTE

RLG
1962/63 Rosenthal, Maceck, Davis 1958 Greenwood, Bailey, Simpson
Aronowitz
1970 0.1°/Hr 10° /MMy
1978 0.01°/Hr 1°/Hr
1982 0.001°/Hr Q.1°/Hr

(Order of Magnitude Expected Thresholds for 100 sec Samples)

FIGURE 43. 1Indicates different development history and status of RLGs and MRGs.

RLG/MRG -~ COMPARISOX OF PROBLEMS, STATUS, POTENTIAL

RLG KRG Both
Optical and Mechanical Precision Simpler ' No Moving Mechanical Parts
Mirror Cost No Critical Strapdown Conducive
Dimension High G-Resistant
Status: Research Research High Relinbility
Developmant Exploratory Lower Cost
Production Development Integrated Rate Output
Instantaneous Readiness wWarmup Miniaturization Possibility
Long Life (Shelf and Operating} Realignnent Digital Qutput
Adaptive to Geometry
Miniature {Low Sensitivity) Neads: Noise & Drift Reductios
Large (liighost Sensitivity) Higher S/H
Short Sample Digital
Readout

hoolinzXion broadening

PIGURE é4. Differan~zz and similarities of RLGs (potentially general “Saghsc systems”)

’ and NRGs .
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